Purpose In the BCerrado^(Brazilian savanna), sunflower comes mostly from a cropping system where its seeding follows soybean harvest. Soybean has a much higher economic value, but this association with sunflower reduces the environmental impacts from both crops by sharing resources. This study performed a life-cycle assessment (LCA) of the soybean-sunflower cropping system, identified its hotspots, and compared its environmental performance with two hypothetical monocultures, in order to corroborate its benefits. Methods Soybean-sunflower cropping system inventory used data from farms of the Parecis region, consolidated by experts. Inventories for soybean and sunflower monocultures were estimated from the cropping system inventory. LUC (landuse changes) were calculated from CONAB (2015), FAOSTAT (2012 ), and Macedo et al. (P Natl Acad Sci USA 109:1341-1346 , 2012 . Emissions estimation followed Nemecek and Schnetzer (2011 ), Milà i Canals (2003 ), and EC (2010 . Land occupation, land-use changes, and liming were allocated by occupation time, but a sensitivity analysis was performed for yield and gross margin as allocation criteria. ReCiPe Midpoint (H) v1.12/World ReCiPe H was the impact assessment method, and some categories were disregarded as not relevant. We used pedigree matrix to estimate uncertainties for inventory and Monte Carlo method for impact uncertainty analysis as in Goedkoop et al. (2008) . We used SimaPro 8.0.5.13. Results and discussion The soybean-sunflower cropping system generate relevant human toxicity, freshwater toxicity, freshwater eutrophication, climate change, and terrestrial acidification impacts, related to emissions derived from nitrogen and phosphate fertilizers and emissions generated by LUC. Sunflower-soybean cropping system has better environmental performance when compared to the combination of monocultures because of a number of synergies made possible by sharing land use and other resources. Changing the allocation criteria altered the relative performance of some categories, but in all categories the environmental impacts of the cropping system were lower than those of the corresponding monoculture impacts, regardless of the allocation criteria implemented. Conclusions We concluded that the environmental performance of the soybean-sunflower cropping system can be improved by optimizing the use of chemical fertilizers. Climate change impacts, which are mostly driven by LUC, could be reduced by production intensification, preventing the clearing of native vegetation for agricultural purposes. This study confirmed the environmental benefits of cropping systems when compared to monocultures and the advantages of association of nitrogen-fixing legumes with other plant species in a production system.
Introduction
The use of new agricultural technologies has enabled Brazil to stand out as a major food supplier worldwide, but sustainability remains a challenge, as the global market demands for products with reduced environmental impact (Claudino and Talamini 2013) .
Due to its adaptability (Rizzardi and Milgiorança 1993) , sunflower as a crop in the BCerrado^region (Brazilian savanna) appears to be promising. The Parecis region is Bhome^to sunflower production in Brazil and represented for 61 % and 45 % of regional and national production in the 2013/2014 harvest season (AMM 2014) .
Soybean also grows in the BCerrado^region of Brazil. Over the past three decades its planted area has increased 49 % (MAPA 2014) . Soybean is the crop that has the greatest economic importance to Brazil and accounted for 96 million tons of grain from 32 million hectares in the 2014/2015 harvest season (CONAB 2015) .
In the region of Parecis, soybean is the main crop cultivated with sunflower or maize in succession planting systems. It is known that crop succession is an essential strategy in agricultural practice. It promotes improvements of nutrient availability, phytosanitary conditions, and soil structure, enabling increased yields with lower application rates of fertilizers and pesticides (Brankatschk and Finkbeiner 2015) .
In Brazil, considering only economic and market aspects, soybean should be grown as a monoculture. However, this is not the case due to weather and fallowing restrictions, as two soybean crops per year could greatly increase the incidence of pests and diseases and consequently pesticide consumption (Nemecek and Gaillard 2010) . Sunflower could also be grown as a monoculture, but it would not be economically viable or attractive. Growing soybean and sunflower in succession is a feasible method to increase gross margin related to land occupation and to equipment opportunity costs paid by the annual soybean crop. Another advantage of this succession is the nitrogen entered into the system by the soybean, through biological fixation process, providing this nutrient to sunflower. It should also be mentioned that this production system adopts the no-tillage technique, which promotes nutrient cycling and other benefits.
Soybean-sunflower cropping system can reduce environmental impacts when compared to monocultures of the same yield because of the more efficient use of land and sharing of agricultural inputs, machinery, and infrastructure. A LCA study can help determine this impact reduction, but it is also important to identify the correct way to allocate the impacts of a soybean-sunflower cropping system in terms of its two products, as this can influence the recommendations of the study. We point out that no other LCA study that evaluates soybeansunflower cropping systems has been found in the scientific literature.
Although there are no actual soybean and sunflower monocultures in the region of Parecis, we estimated the inventories of hypothetical monoculture systems with equivalent expected yield for each crop from the soybean-sunflower cropping system. These two hypothetical monoculture inventories were proposed considering that in a best-case scenario, the factors Bland^(production area) and Bsoil^(production resource) are the only assets shared by the two crops. Although land and soil are shared Bassets^, Bland occupation^, and Bsoil use^are not shared Bresources^as the two crops grow in succession, i.e., the sunflower seeding follows the soybean harvest. The same rationale was applied to farm equipment and infrastructure as they are shared assets, but the cropping system inventory only allocated the time-use of each farm equipment and infrastructure. Soybean and sunflower share no other inputs: pesticides are crop and plague specific, most of them with very short half-life and fertilizer inputs are equal to sufficient amounts to meet the nutrient export by each crop (i.e., there are no residuals from one crop to another). However, as mentioned earlier, sunflower actually benefits from nitrogen left by soybean (20 kg ha −1 year −1 ), allowing a reduction of the consumption of chemical fertilizers by sunflower in a soybean cropping system, if compared to a sunflower monoculture with the same expected yield. Any crop in the BCerrado^region requires adding lime to correct soil pH, with no relationship between the applied amount of lime and any crop specific requirements. Liming can then be considered as a required periodic soil preparation process for any crop, attributing liming impacts to each crop as proportional to the time-use of the Bprepared soil^as a shared asset used in succession. Therefore, we could say that soybean and sunflower monocultures would consume at least the same resources as the two crops in a cropping system with the same yields, with some increase on amount of nitrogen fertilizer on sunflower monoculture. Moreover, each monoculture pays the full environmental impacts related to land occupation, land-use change, and liming of 1 ha year each (2 ha year for the two monocultures), impacts that in the crop system are shared between soybean and sunflower in 1 ha year for the cropping system with the same yields for each crop.
The main objective of this study was to identify hotspots in the soybean-sunflower cropping system practiced in the Brazilian BCerrado^and also provide guidelines for reducing environmental impact. A second objective was to compare the environmental performance of this cropping system with the sum of soybean and sunflower monocultures, in order to confirm the benefits of an integrated production system.
Methods
The soybean-sunflower cropping system in the Parecis region is the system used in this study (Fig. 1) . The first step was to develop the inventory for the soybean-sunflower cropping system and formulate hypotheses for inventories of soybean and sunflower monocultures. The most relevant items within the scope of this study are described in the next sections.
Analysis unit
We used 1 ha year as an analysis unit, where 3120 kg of soybean and 1774 kg of sunflower are produced per ha per year. Yield for each crop was estimated as mentioned on item 2.2 for inventory data.
In order to compare the environmental performance of this soybean-sunflower cropping system with monocultures that have the same corresponding yield for each grain, we must compare 1 ha year of soybean-sunflower cropping system with two monoculture systems with 1 ha year of land each: one for soybean and another for sunflower.
Data sources
The soybean-sunflower cropping system inventory involved interviewing experts of the Parecis region to identify the farms in that region considered representative of this system. We then studied five selected farms and raised primary data from 2012-2013 and 2013-2014 seasons for elaborating detailed inventories for each of these five cropping systems. Next, we consolidated these five inventories in a single Btypical^inven-tory that was further validated by experts in the cropping system.
Assumptions for inventories for monoculture systems
As there are no soybean or sunflower monocultures in the Parecis region, we estimated inventories for hypothetical monocultures from the soybean-sunflower cropping system inventory considering the following assumptions:
& The yields of the two monoculture crops would be the same for each crop on the cropping system, because yield is influenced mainly by the soybean and sunflower varieties (genetics), soil, climate conditions, and agricultural Fig. 1 Production processes for the soybean-sunflower cropping system management techniques that were considered to be the same for each crop on the cropping systems and monocultures. & Fertilizer supply is specific for each crop and the same of the cropping system, as the nutritional requirements do not vary for similar soil conditions, variety, and yield. The only exception was the amount of nitrogen fertilizer applied to the sunflower monoculture that had to be increased on 20 kg ha −1 year −1 of N to compensate for the fact that in the sunflower monoculture there was no biological fixation of atmospheric nitrogen to the soil, which occurs in the cropping system. & Pesticide supply is specific for each crop and the same for the cropping system. This is a conservative assumption, considering that a higher incidence of pests and diseases could be expected in the monoculture. & Agricultural operations are specific for each crop and the same of the cropping system, as the no-till farming practice prevails in grain cultivation in Brazil in cropping systems and monocultures.
Other assumptions for LCI
Capital goods, fuel consumption, and emissions were included in cropping system and monoculture inventories through Bagricultural processes.R egarding energy supply, there is no other power consumption besides the farm equipment fuel in the cropping system or monoculture inventories.
Crops require no irrigation, and water consumption occurs at earlier stages of the product life cycle (i.e., inputs production) in both the cropping system and monocultures.
We calculated emissions for cropping system and monocultures following recommendations from Nemecek and Schnetzer (2011) , except for heavy metal emissions, estimated as proposed by Milà i Canals (2003) . Fertilizers and lime are the main agricultural inputs, considering the volume contributed to the productive system and the potential impacts.
Fertilizers production inventories (urea, single superphosphate, triple superphosphate, and potassium chloride) were adapted to better represent the fertilizer consumed by the Brazilian agriculture, considering its production technology and transport phases, including transcontinental, taking into account that a large part of these fertilizers is imported: urea, 21.8 %; superphosphate, 85 %; triple superphosphate, 32.9 %; and potassium chloride, 6.1 % (ANDA 2014). In this study it was assumed that the lime consumed in Parecis comes from mines located in the state of Mato Grosso, in the municipality of Nobres. Ecoinvent v2.2 was used for the inventories of production processes of other agricultural inputs.
Allocation procedure
Following the ISO 14044 recommendations, 1 we allocated the impacts from land-use change, land occupation, and liming (for soil acidity correction every 2 years) according to the occupation time of the same area by each crop per year: 115 days for soybean and 120 days for the sunflower.
As in Nemecek et al. (2001) , we also used two other allocation criteria, yield, and gross margin per crop, in order to verify whether the chosen criteria would have any influence on the evaluation. The yield considered for soybean and sunflower were 3120 and 1774 kg ha
, respectively. For the gross margin criterion, impacts from land occupation, land-use change, and liming were completely allocated to soybean, as the gross margin from sunflower is very small when compared to the gross margin from soybean for the same area and yield.
2 All other impacts from inputs and emissions were attributed to the product accountable for the input consumption or emission, in all three allocation criteria.
LUC, life-cycle impact assessment (LCIA) and uncertainty analysis
LUC from 1990 to 2009 for soybean and sunflower cultivation were calculated from historical series of CONAB (2015), FAOSTAT (2012) and Macedo et al. (2012) . Emissions from LUC were calculated according to EC (2010).
The ReCiPe Midpoint (H) v1.12/World ReCiPe H was the life cycle environmental impact assessment method used. Some impact categories were disregarded, as they were not relevant to the study: marine eutrophication, marine ecotoxicity, ionizing radiation, urban land occupation. The software tool used was SimaPro, version 8.0.5.13.
The pedigree matrix was used to estimate uncertainties for each inventory input and output. In order to assess uncertainties for environmental impact analysis results, we used the Monte Carlo method with 1000 cycles and a confidence interval of 95 % as recommended by Goedkoop et al. (2008) . 1 As stated in ISO 14044, Bwherever possible, allocation should be avoided by […] dividing the unit process to be allocated into two or more sub-processes and collecting the input and output data related to these sub-processes […] . Where allocation cannot be avoided, the inputs and outputs of the system should be partitioned between its different products or functions in a way that reflects the underlying physical relationships between them; i.e. they should reflect the way in which the inputs and outputs are changed by quantitative changes in the products or functions delivered by the system^(ISO 2006). 2 Actually, gross margin for sunflower production can be as low as zero (or less) if you consider production costs and prices for sunflower seeds. Sunflower producers get positive gross margin from sunflower oil production and commercialization.
3 Results and discussion 3.1 Inventory analysis of soybean-sunflower cropping system (occupation time allocation criterion) Table 1 shows the inventories for the typical Parecis soybeansunflower cropping system and the hypothetical monoculture systems for soybean and sunflower. More phosphate and potassium fertilizers, pesticides (26 different pesticides for soybean, 15 for sunflower), adjuvants, and agricultural operations (mostly for pesticides application) are needed for 1 ha year of soybean than the same area for sunflower, in the cropping system or in the monoculture. However, as mentioned earlier, soybean has a much higher yield (3120 kg ha
) than sunflower (1774 kg ha
). Sunflower takes relatively more time to be cultivated (120 days, compared to 115 for soybean), so it pays a somewhat higher share of land occupation, land-use change, and liming of the cropping system. In addition, sunflower needs nitrogen fertilizers, but biological fixation of atmospheric nitrogen by soybean leaves residual nitrogen for sunflower in the cropping system (20 kg ha −1 year −1 ). Sunflower also needs boric acid as fertilizer.
Emissions from soybean and sunflower depend on inputs and allocation criteria, so most of the emissions in the inventory are higher for soybean, but some emissions are higher for sunflower. For instance, the use of urea as nitrogen fertilizer for sunflower explains its higher ammonium, nitrate, and even fossil CO 2 emissions (although more diesel fuel is needed in the soybean production). In addition, as already mentioned, the higher share that sunflower pays for liming and for LUC entails higher emissions of copper and zinc to water and soil, as well as higher CO 2 due to land transformation.
Inventory analysis for soybean and sunflower monocultures
When the soybean-sunflower cropping system is compared with the estimated inventories for the two monocultures (Table 1) , we see changes in the inputs and emissions where allocation or synergic effects are relevant to the cropping system as mentioned above (liming, LUC, nitrogen fertilizer). For the soybean monoculture, it is observed that CO 2 from LUC, zinc, and chrome emissions to soil and water would be higher than those from soybean in the cropping system. For the sunflower monoculture, almost all emissions would be higher than the emissions from sunflower in the cropping system, excluding cadmium and emissions from pesticides, but including N 2 O and NO x that were estimated to be higher because of the higher amounts of nitrogen fertilizer (urea) needed to replace the nitrogen added by soybean through biological fixation in the cropping system (20 kg ha
).
3.3 Impact analysis for soybean-sunflower cropping system (occupation time allocation criterion)
Normalized impacts from the soybean-sunflower cropping system are higher for human toxicity, climate change, freshwater eutrophication, freshwater ecotoxicity, and terrestrial acidification, in that order (Fig. 2) . Cadmium emission to soil was responsible for 88 % of the human toxicity impact. Cadmium emission comes mostly from phosphate fertilization, which is higher for soybean than for sunflower. LUC is the main cause for climate change impacts, as it was responsible for more than 76 % of the soybean-sunflower cropping system CO 2 eq emissions (8.18E3 kg CO 2 eq in a total of 1.07E4 kg CO 2 eq for 1 ha year). LUC emissions were estimated for the estate of Mato Grosso in 1990-2009, where soybean replaced 4.64 million ha of pasture (56 %), native vegetation (20 %, tropical moist deciduous forest), and annual crops (24 %). Less important are N 2 O emissions (from urea and biomass degradation from the two crops) and fossil CO 2 emissions (from diesel combustion on agricultural operations).
The main contribution to freshwater eutrophication comes from phosphate emissions to soil from phosphate fertilizer (more than 90 % for soybean-sunflower cropping system).
In the freshwater ecotoxicity category, the most significant contaminants were nickel, copper, and manganese emissions to water, and diuron emissions to soil and water. These heavy metals are present in fertilizers, especially phosphate, applied on soybean and sunflower. Diuron is used as an herbicide for soybean.
Ammonium from urea (as nitrogen fertilizer for sunflower) represents more than 80 % of the terrestrial acidification impact. Table 2 compares soybean and sunflower environmental profile in the cropping system (using occupation time as allocation criterion) to those that would be obtained from the respective monocultures and presents the uncertainty analysis for this comparison. Table 2 shows that the sum of impacts of the two monocultures would be (on average) higher than the soybeansunflower cropping system impacts in each of the 14 impact categories. Impact increase would be higher for climate change (79 %), terrestrial acidification (37 %), and particulate matter formation (27 %). The impact from the sum of the two monocultures would be higher in these three categories in almost 100 % of the Monte Carlo runs, and more than 52 % of the runs for all other categories at a 95 % confidence interval. Worth remembering that climate change and terrestrial acidification are among the most relevant normalized impacts for the soybean-sunflower cropping system. The climate change impact increase for the sum of soybean and sunflower monocultures would come mostly from the agricultural phase, including the agricultural operations. These processes would represent more than 96 % of the climate change impact on the sum of the monoculture systems. The main emission contribution to climate change would come from LUC CO 2 (1.67 kg in a total of 2.18 kg CO 2 eq for 1 ha year −1 ), as the monocultures would require the double a Pesticides inputs and emissions listed as totals although the products and amounts used are culture and plague specific of the area for the same yield, hence the double of the land-use and cover change, including native vegetation clearing. N 2 O and fossil CO 2 would also contribute to climate change impact category, as they would be higher in a sunflower monoculture because of the higher need for nitrogen fertilizer (urea) when compared to the cropping system. Our results agree with those obtained by Hayer et al. (2010) , who also noted that the inclusion of legumes could reduce the global warming potential for the above mentioned reason. Sunflower monoculture would be the main cause for terrestrial acidification. Ammonium emission from sunflower would represent 84 % of this impact category for the sum of the two monocultures. Furthermore, sunflower monoculture represents 80 % of the particulate matter formation impact for the sum of the two monocultures, again because of ammonium emission, but also due to NO x , both (ammonium and NO x ) from urea used as nitrogen fertilizer. Nemecek et al. (2008) also observed reduction in global warming potential, acidification, and eco and human toxicity impacts when comparing the typical cereal-cereal rotation and cereal-legume rotation alternative systems with the allocation criterion Bunit of cultivated area^(ha year). Additionally, they noticed impacts in non-renewable energy resources and ozone formation. The cereal-legume system resulted in lower impacts in all of these categories due to reduced nitrogen fertilizer application, increased possibilities of using reduced tillage techniques and lower incidence of disease problems (due to the diversification of crops).
Impact analysis for the sum of soybean and sunflower monocultures
Another study from the same authors also concluded that nitrogen management by reducing the supply of synthetic fertilizers and the introduction of legumes is a key factor in reducing environmental impacts from rotation cropping systems in the categories global warming potential and acidification potential among others (Nemecek et al. 2015) .
Sensitivity analysis for allocation criteria
The analyses in Table 3 show how the allocation criteria used on the cropping system inventory influences the estimated impact increase that would come from the sum of the two monocultures. Table 3 shows that the climate change impact from soybean monoculture would be 78 % and 45 % higher for occupation time and yield allocation criteria respectively. There was no change when the gross margin allocation criterion was used because, as mentioned earlier, this criterion allocates all land occupation, land-use change, and liming to soybean. No other relevant increase or decrease (> 1 %) was observed for soybean monoculture in any other category.
The lower increase for the yield allocation criterion for soybean monoculture (when compared to occupation time) can be explained by the much higher soybean yield for a somewhat higher period of occupation when compared to sunflower.
When the sunflower monoculture is compared with the sunflower crop in the cropping system, it can be observed that in all categories the impact would increase for sunflower monoculture regardless of the allocation criteria chosen for the cropping system. Moreover, changes in the allocation criteria would have relevant effect (> 1 %) only for the categories climate change and terrestrial ecotoxicity.
We already explained the reason for the higher increase in the climate change impact for the yield allocation criterion for sunflower monoculture when compared to occupation time: the same as for soybean monoculture, but in the opposite direction. For the gross margin allocation criterion, the higher increase in the climate change impact for sunflower (when compared to occupation time allocation criterion) is explained by the burdens incurred from land occupation, land-use change, and liming that sunflower would have to pay in a Considering variances on inventory data monoculture, the same that soybean would pay alone in a cropping system as defined for the gross margin allocation criterion. This also explains why terrestrial ecotoxicity impact increases in sunflower monoculture when yield and gross margin criteria are used, as this impact category is influenced by heavy metal contamination of agricultural inputs, most of it from liming. In a study assessing the environmental performance of products obtained from multi-cropping systems, Figueiredo et al. (2016) concluded that the choice of allocation procedure (mass or economic criteria) affects the impact results.
Comparing typical cereal-cereal rotation and cereal-legume rotation alternative systems with the allocation criterion Bunit of cultivated area^, Nemecek et al. (2008) also evaluated two other allocation criteria: financial (gross margin) and energy (GJ of harvested biomass). The environmental performance of the cereal-legume system was always better regardless of the allocation criterion adopted, although the comparative advantages of this system compared to cereal-cereal system have varied depending on the allocation criteria.
Conclusions
The soybean-sunflower cropping system, a typical cropping system with soybean as the main crop of the Brazilian Cerrado, and the preferred system for producing sunflower in the Parecis region, generates relevant human toxicity, freshwater toxicity, freshwater eutrophication, climate change, and terrestrial acidification impacts.
Toxicity and eutrophication impacts, with potential effects on human health and environmental quality, are related to heavy metal and phosphate emissions and stem from the high levels of phosphate fertilizers used in soybean crops. Terrestrial acidification and climate change impacts are related (these non-exclusively) to nitrogen fertilizer application needed in sunflower crops.
These results indicate the importance of optimizing the use of chemical fertilizers, in order to provide the amounts required by crops for a better yield performance and an adequate availability of essential chemical elements to the plant, while minimizing impacts to the environment.
The climate change impacts in the soybean-sunflower cropping system results mainly from land-use change in soybean expansion in recent years, replacing pasture and native vegetation-soybean is the main culture of this cropping system for its economic value.
The clearing of new lands for agricultural purposes can be reduced by production intensification: application of the best agricultural technology available to achieve higher productivity, i.e., more production with less resource consumption.
Soybean-sunflower cropping system reduce environmental impacts in all categories when compared to the sum of soybean and sunflower monocultures, because of a number of synergies made possible by sharing land use and other resources. These results can be generalized to any production system in which the reciprocal influences lead to the reduction of environmental impacts. Regarding the climate change, the impacts generated by a monoculture are higher as it requires twice as much land for the same agricultural production, increasing emissions from LUC. In this category and the two other impact categories, in which the monocultures demonstrated poor performanceterrestrial acidification and particulate matter formation, it was due to emissions from the use of nitrogen fertilizer for sunflower cultivation, required in higher amounts in monoculture.
This work confirms the advantages of association between nitrogen-fixing legumes and other plant species in a cropping system. Different performance in some impact categories can be observed by changing the allocation criteria chosen to assess a cropping system. However, the environmental impacts of the cropping system are lower than those of the corresponding monoculture impact in all categories, independent of the allocation criterion used. We recommend occupation time as the allocation criterion as it best represents the physical relationships between outputs and inputs, as recommended by the ISO 14044.
